Patients with idiopathic Parkinson's disease exhibit impairments in executive processes, including planning and set-shifting, even at the early stages of the disease. We have recently developed a new card-sorting task to study the specific role of the caudate nucleus in such executive processes and have shown, using functional magnetic resonance imaging (fMRI) in young healthy adults, that the caudate nucleus is specifically required when a setshift must be planned. Here the same fMRI protocol was used to compare the patterns of activation in a group of early-stage Parkinson's disease patients (seven right-handed patients at Hoehn and Yahr stages 1 and 2; mean age 62 years, range 56-70) and matched control subjects. Increased cortical activation was observed in the patients compared with the control group in the condition not specifically requiring the caudate nucleus. On the other hand, decreased cortical activation was observed in the patient group in the condition significantly involving the caudate nucleus. This event-related fMRI study showed a pattern of cortical activation in Parkinson's disease characterized by either reduced or increased activation depending on whether the caudate nucleus was involved or not in the task. This activation pattern included not only the prefrontal regions but also posterior cortical areas in the parietal and prestriate cortex. These findings are not in agreement with the traditional model, which proposes that the nigrostriatal dopamine depletion results in decreased cortical activity. These observations provide further evidence in favour of the hypothesis that not only the nigrostriatal and but also the mesocortical dopaminergic substrate may play a significant role in the cognitive deficits observed in Parkinson's disease.
Introduction
Parkinson's disease is a movement disorder arising from the loss of dopamine (DA) neurons in the substantia nigra that project to the striatum (which includes the caudate nucleus and the putamen; Kish et al., 1988) . The most documented symptoms are motor deficits that include tremor, rigidity and bradykinesia. However, neuropsychological studies have revealed deficits in a range of cognitive functions even at the early stages of the disease (Taylor et al., 1986; Taylor and Saint-Cyr, 1995; Dubois and Pillon, 1997) . A major deficit lies in executive functions that include planning and set-shifting (Brown and Marsden, 1988; Morris et al., 1988; Saint-Cyr et al., 1988; Grossman et al., 1992; Owen et al., 1992) . The initial functional brain imaging studies of Parkinson's disease showed a reduction in movementinduced increases in cortical cerebral blood flow (Playford et al., 1992) . Based on the model of Albin, Young and Penney (1989) , the proposed explanation was that excessive inhibitory outflow from basal ganglia to cortex via the thalamus was responsible for both bradykinesia and cortical hypo-activation. A similar explanation, however, could not account for certain cognitive deficits associated with this disease, as PET studies had demonstrated increased prefrontal cortex (PFC) activation in patients during performance of cognitive tasks sensitive to PFC dysfunction (Owen et al., 1992; Dagher et al., 2001) . While the hallmark of Parkinson's disease is dopaminergic nigrostriatal neuronal loss (Bernheimer et al., 1973; Kish et al., 1988) , several postmortem studies (Javoy-Agid and Agid, 1980; Scatton et al., 1983) and PET investigations in patients (Ouchi et al., 1999) provided evidence that the mesocortical dopaminergic system is also damaged. Such a reduction of mesocortical DA in the PFC of patients may be responsible for these increases in cortical activity (Cools et al., 2002; Mattay et al., 2002) , since it has been proposed that DA is important for focusing neural activity in the cortex (Swagushi, 2001) . In a previous experiment, we scanned with functional magnetic resonance imaging (fMRI) early Parkinson's disease patients and matched control subjects during the performance of the Wisconsin Card-Sorting Task (Monchi et al., 2004a) . The results showed decreased activation in the patient group in those areas whose activity, in healthy controls, was linked with the striatum, namely the ventrolateral PFC when receiving negative feedback and the posterior PFC when matching following negative feedback (Monchi et al., 2004a) . By contrast, greater activation was found in the patient group in areas that were not co-activated with the striatum in healthy controls, such as the posterior and dorsolateral PFC when receiving positive or negative feedback (Monchi et al., 2004a) . Based on those results, we proposed that a breakdown in both nigrostriatal and mesocortical DA may play a role in executive deficits in Parkinson's disease, depending on the extent to which the striatum is involved in the task at hand. However, it should also be noted here, that tasks requiring significant involvement of the striatum may be harder for patients to solve than those that do not, and that the difference in task demands may also be responsible for the different patterns of activity observed in their PFC. Indeed, previous functional neuroimaging studies on cognitive functions had reported increased PFC activity in conditions that probably did not require significant striatal involvement, in patients OFF versus ON L-dopa medication, even though no significant difference in task performance was observed (Cools et al., 2002; Mattay et al., 2002) .
In order to test further the hypothesis that PFC activation in Parkinson's disease depends on striatal engagement, we recently developed a new card-sorting task, the Montreal Card-Sorting Task (MCST), which allows teasing out the role of the ventrolateral PFC and caudate nucleus. We scanned with fMRI a group of young healthy adults during performance of this new task (Monchi et al., 2004b (Monchi et al., , 2006 . The results showed significant activation in the caudate nucleus only in those conditions in which cognitive planning was required to perform a set-shift and not in those conditions when the new rule to perform the set-shift was implicitly given by the task or when no set-shift was required. In the present study, we scanned a group of earlystage Parkinson's disease patients after 12-18 h of medication withdrawal and a group of matched controls during performance of the MCST. Based on our previous study (Monchi et al., 2004a) we predicted reduced PFC activity in the patient group in those conditions that specifically require the involvement of the caudate nucleus during planning a set-shift (i.e. retrieval with shift). In these situations, the nigrostriatal DA in patients may be critically responsible for the reduced prefrontal function. On the other hand, we predicted greater PFC activity in the patient group than in the control group in those conditions that do not require the engagement of the caudate nucleus, hence those not requiring a set-shift or those where the shift is implicitly given by the task (i.e. retrieval 'without' shift and continuous shift) since a mesocortical DA deficit (which should result in unfocused cortical activity) may be greatly responsible (Mattay et al., 2002; 2004a) .
Material and methods

Subjects
Seven right-handed patients at Hoehn and Yahr stages 1 and 2 of Parkinson's disease (mean age, 62 years; range, 56-70) participated in this study. All patients met the 'core assessment program for surgical interventional therapy' criteria for the diagnosis of idiopathic Parkinson's disease (Langston et al., 1992; Defer et al., 1999) , namely two of the three cardinal signs (bradykinesia, tremor and rigidity), response to L-dopa or DA agonists, and lack of evidence of other medical conditions associated with parkinsonism. All of these patients were asked to stop taking any medication prescribed for their condition (DA agonist or L-dopa) 12-18 h before the scanning session. Their mean score on the motor subset of the Unified Parkinson's Disease Rating Scale prior to scanning (OFF medication) was 25.1 out of a maximum of 108. Patients were screened for dementia and depression using the Mini-Mental State Examination (MMSE) and the Beck Depression Inventory (BDI), respectively.
Seven right-handed control subjects (mean age, 51.1 years; range, 47-60) with no history of neurological or psychiatric disorder also participated in this study. The control subjects were also screened for dementia and depression using MMSE and BDI. For both the patients and the matched-control subjects, the exclusion criteria were a score of <27 on the MMSE and a score of >15 on the BDI. Handedness was assessed using the Edinburgh handedness inventory (Oldfield, 1971) . All participants gave informed consent after reading the protocol, which was reviewed and approved by the Research Ethics Committee of the Montreal Neurological Institute.
Cognitive task
In the MCST used here (Monchi et al., 2004b (Monchi et al., , 2006 , four reference cards are permanently on display in a row in the top half of a computer screen, displaying one red triangle, two green stars, three yellow crosses and four blue circles, respectively ( Fig. 1 ). On each classification trial, a new test card is presented in the middle of the screen below the reference cards and the subject has to match the test card to one of the four reference cards. The matching response is indicated by pressing one of four buttons with the right hand, using one of four fingers, each corresponding to one of the reference cards. The match of each test card to one of the reference cards is determined by a classification rule that differs across experimental conditions. On each trial, as soon as the response is made, a period of 2.3 s occurs when the screen becomes bright if the response was correct and dark if the response was incorrect. It should be noted that in the present task, unlike in the Wisconsin Card-Sorting Task, the feedback provided does not help with the response on the following trial. The duration of each trial varies randomly according to the subject's reaction time during the matching, providing the asynchrony between stimulus presentation and frame acquisition required for event-related acquisition. There were four different conditions in this experiment: (i) retrieval without shift; (ii) retrieval with shift; (iii) continuous shift; and (iv) control. Trials of the continuous shift and the control conditions occur in different blocks presented in a random order. The retrieval without shift and retrieval with shift are interleaved within the same blocks.
In the retrieval blocks, a series of classification trials are preceded by the brief presentation (3.5 s) of a single cue card containing one to four stimuli ( Fig. 1A) , each one being one of four shapes in one of four possible colours, followed by a blank period also of 3.5 s. The cue card does not reappear and has to be remembered throughout the series of classification trials. On every trial, a new test card that shares a single attribute (colour, shape or number) with the cue card held in memory is presented underneath the reference cards. The subject has to select one of the four reference cards based on this attribute. For instance, if the test card and the cue card share the colour red (as in the example shown in Fig. 1B) , a match to the reference card that has red in it is required. There are two types of classification trials in the retrieval condition: trials without shift and trials with shift. Trials without shift ( Fig. 1B ) occur when the test cards on two or more consecutive trials share the same attribute with the cue card. Trials with shift ( Fig. 1C ) occur when the test cards on two consecutive trials do not share the same attribute with the cue card and, therefore, a 'shift' is required from the previous shared attribute to the current shared attribute. Five shift trials occur within each retrieval block of trials. Shifts in classification occur randomly after 2, 3, 4 or 5 consecutive classifications in a row using the same criterion, the total number of trials per block being variable. In the retrieval with shift condition, an active comparison needs to be performed between the cue and the test cards in order to execute the shift.
In the continuous shift condition ( Fig. 1D ), no cue card is presented. Each test card contains only one attribute shared with a single reference card and, thus, there is only one possible response based on this attribute. In this condition, test cards are presented so that shifts in classification occur on each trial in a random order. For instance, a trial in which the test card only shares the colour green with the second reference card (such as in Fig. 1D ) will be followed by a trial in which the test card only shares the number (one object) with the Fig. 1 The different conditions of the MCST. (A) An example of the cue card that appears for 3.5 s at the beginning of a block of retrieval trials. In this example, the cue card contains two red circles. (B) An example of two consecutive retrieval trials without shift. Since the colour red is the only attribute shared by the test card and the cue on both trials, matching must be based on colour. In this and the other examples (C-E), the orange line below one of the reference cards indicates the selected response. (C) An example of two consecutive retrieval trials with shift. Left: the test card contains four red stars and hence shares the colour attribute with the cue card (containing two red circles, shown in A). Right: on the subsequent trial, the test card now shares a different attribute with the cue card (in this example 'number'). Thus, a shift in classification category occurs requiring a novel response. (D) An example of two consecutive trials in the continuous shift condition. Left: the only reference card that shares an attribute with the test card is the second one and, therefore, the second reference card has to be selected according to colour. Right: in the subsequent trial, a test card containing one pink square is shown. The first reference card must now be selected because it is the only one that shares an attribute with the test card (number) and, therefore, a shift in classification occurs. Thus, in this condition, a continuous shift occurs guided implicitly by the only shared attribute between the test card and one of the reference cards. (E) An example of a control trial. The test card always matches exactly one of the reference cards and the subject simply must select the twin reference card.
first reference card. Twelve trials occur within each block of the continuous shift condition. Unlike the retrieval with shift condition, no previously presented stimuli needs to be held in memory and no active comparison is needed to execute the shift since the new rule for classification is implicitly given by the task.
In the control condition, the test card on each trial is a replica of one of the four reference cards ( Fig. 1E ) and the subject is only required to match the test card to its twin within the four reference cards. Twelve trials occur within each block of the control condition.
Subjects performed four retrieval blocks that included both shift and non-shift trials and two blocks of the continuous shift and control conditions per run. Before scanning, subjects trained on the task on a personal computer until their performance reached a plateau, i.e. no further significant improvement on the task occurred within a period of 45 min.
fMRI scanning
Subjects were scanned using a 1.5 T Siemens Sonata MRI scanner at the McConnell Brain Imaging Centre, Montreal Neurological Institute (MNI). Each scanning session began with a T 1 -weighted 3D volume acquisition for anatomical localization, followed by acquisitions of echo planar T 2 *-weighted images with BOLD contrast. Functional images were acquired in six runs containing 200 volumes each acquired every 2.5 s. Volumes contained 24 slices, voxel size 4.7 · 4.7 · 4.7 mm 3 .
Data analysis
The methods for data analysis were the same as in our previous studies (Monchi et al., 2001 (Monchi et al., , 2004a (Monchi et al., , 2006 and made use of the fMRIstat software developed by Worsley et al. (2002) . The first three frames in each run were discarded. Images from each run were first realigned to the fourth frame for motion correction and smoothed using a 6 mm full width half-maximum (FWHM) isotropic Gaussian kernel. The statistical analysis of the fMRI data was based on a linear model with correlated errors. The design matrix of the linear model was first convolved with a difference of two gamma haemodynamic response functions timed to coincide with the acquisition of each slice. The correlation structure was modelled as an autoregressive process. At each voxel, the autocorrelation parameter was estimated from the least squares residuals, after a bias correction for correlation induced by the linear model. The autocorrelation parameter was first regularized by spatial smoothing and was then used to 'whiten' the data and the design matrix. The linear model was re-estimated using least squares on the whitened data to produce estimates of effects and their standard errors. The resulting effects and standard effect files were then spatially normalized by non-linear transformation into the MNI standard proportional stereotaxic space, which is based on that of Talairach and Tournoux (1988) , using the algorithm of Collins et al. (1994) . Anatomical images were also normalized to the MNI space using the same transformation. In a second step, runs and subjects were combined using a mixed effects linear model for the data taken from the previous analysis. A random effects analysis was performed by first estimating the ratio of the random effects variance to the fixed effects variance, then regularizing this ratio by spatial smoothing with a Gaussian filter. Inter-group analyses were performed by direct comparisons using the effects and standard deviations files of all individuals from both groups. The amount of smoothing was chosen to achieve 100 effective degrees of freedom (Worsley et al., 2002 (Worsley et al., , 2005 . Statistical maps were thresholded at P < 0.05 correcting for multiple comparisons using the minimum between a Bonferroni correction and random field theory in the single group analysis. This yields a threshold of t > 4.40 for a single voxel or a cluster size >540 mm 3 for a significance assessed on the special extent of contiguous voxel (Friston et al., 1995) . For the inter-group analysis, statistical maps were thresholded at P < 0.0001 uncorrected for multiple comparisons (corresponding to t > 3.90 for a single voxel, or to a cluster size of >96 mm 3 ). Peaks within the basal ganglia, thalamus, and PFC that were observed in our previous study using the same protocol in young healthy adults (Monchi et al., 2004b (Monchi et al., , 2006 were considered predicted and are reported at a significance of P < 0.005 uncorrected [indicated by an asterisk (*) in the tables].
For every single condition, all error trials were removed from the fMRI analysis. The length during the matching period (from the moment a new test card is presented to the moment a response is made) on each trial of the four conditions (retrieval without shift, retrieval with shift, continuous shift, and control) was explicitly included in the design matrix. Thus, under the assumption of linearity, a change of BOLD response could not be attributed to a difference in reaction times across the two groups. Anyhow it should be noted that the matching periods were comparable in length across the two groups (see Behaviour in the Results section). Activity during the matching period of each condition was combined to generate four contrasts for statistical analysis. Two contrasts that do not significantly require caudate nucleus in young healthy adults (Monchi et al., 2006) are (i) retrieval without shift minus control and (ii) continuous shift minus control, and two contrasts that do significantly require caudate nucleus in young healthy adults are (iii) retrieval with shift minus retrieval without shift and (iv) retrieval with shift minus continuous shift.
Results Behaviour
During the scanning session, the percentage of errors in the retrieval without shift condition was 8.13% (SD 6.19) for the control group and 21.56% (SD 14.24) for the Parkinson's disease group. During the retrieval with shift condition the control group made on average 20.17% (SD 17.59) errors and the patients 39.86% (SD 15.90) errors. During the continuous shift condition, the mean percentage of errors was 2.38% (SD 2.38) for the healthy subjects and 16.64% (SD 14.64) for the patients. For the control condition, it was 0.47% (SD 0.94) for the control group and 4.40% (SD 3.59) for the patients. An ANOVA on the mean percentage of errors comparing the two groups: patients versus controls by the four task conditions revealed significantly more errors in the patient group than in the control group for all the conditions. More specifically, for the retrieval without shift condition the results are F(1,12) = 5.24, P = 0.041; for the retrieval with shift condition F(1,12) = 4.88, P = 0.047; for the continuous shift F(1,12) = 6.46, P = 0.027, and for the control condition F(1,12) = 7.83, P = 0.016. However, the last result should be tempered by the fact that both groups made less than 5% errors in the control condition.
The average reaction time over all responses during the retrieval without shift condition was 1493.5 ms (SD 524.1) for the control group and 1600.3 ms (SD 438.7) for the patient group. For the retrieval with shift, it was 1820.9 ms (SD 614.9) for the controls and 2157.7 ms (SD 667.1) for the patients. For the continuous shift condition the mean reaction time was 1841.0 ms (SD 604.7) for the controls and 2395.0 ms (SD 869.2) for the patients. Finally the mean reaction time for the control condition was 952.5 ms (SD 287.5) for the controls and 1187.6 ms (SD 640.7) for the patients. An ANOVA on the mean reaction time comparing the two group patients versus controls by the four task conditions revealed 'no' significantly longer reaction times in the patient group than in the control group across all the conditions. More specifically, for the retrieval without shift condition the results are F(1,12) = 0.17, P = 0.69; for the retrieval with shift condition F(1,12) = 0.964, P = 0.35; for the continuous shift F(1,12) = 1.92, P = 0.19, and for the control condition F(1,12) = 0.90, P = 0.36.
fMRI
As predicted, significantly greater cortical activity was observed in the patient group compared with the healthy group in terms of t-statistic, size of clusters and number of brain regions in the two comparisons that did not show increased activity in the caudate nucleus in controls: retrieval without shift versus control (Table 1, Fig. 2 ) and continuous shift versus control (Table 2, Fig. 3 ). On the other hand, less activity was observed in the patient group compared with the healthy group in the contrasts that did result in increased activity in the caudate nucleus in healthy subjects: retrieval with shift versus retrieval without shift ( Fig. 5 ). In the following paragraphs, a summary of the results is provided and a full description of the observed peaks is given in Tables 1-4. L = left, R = right, DL = dorsolateral, VL = ventrolateral, PFC = prefrontal cortex, CC = cingulate cortex, TC = temporal cortex, PMC = premotor cortex, MC = motor cortex, SMA = supplementary motor area, PPC = posterior parietal cortex, Ant = anterior, Post = posterior. Cluster sizes are reported in mm 3 . sc indicates that the peak is part of the same cluster as the peak listed immediately above in the table and that its size therefore is included in the preceding reported volume. Numbers in parentheses refer to architectonic areas. The same abbreviations are used in all tables (1-4). * P < 0.005 uncorrected. When no star is indicated P < 0.05 corrected for multiple comparision in single group analysis and P < 0.0001 uncorrected for inter-group analysis.
fMRI studies of cognitive deficits in PD Brain (2006) Retrieval without shift versus control Control subjects Significant increases in BOLD signal were observed when comparing the retrieval with shift to the control condition in various regions of the PFC including left frontopolar, bilateral dorsolateral, and bilateral ventrolateral PFC. Other more posterior sites of significant increased activity were also observed and are given in detail in Table 1 .
Parkinson's disease patients
In the patient group, significant peaks included bilateral frontopolar cortex, bilateral dorsolateral PFC, bilateral ventrolateral PFC, as well as, in the premotor cortex and the supplementary motor area, bilaterally. More posteriorly, significant activity was observed in the right posterior cingulate cortex and the right posterior parietal cortex, while it was not observed in the control group. As can be seen in Table 1 , regions that exhibited significantly increased activity in both the patients and the control group had larger cluster size in the patients than in the control subjects.
Inter-group comparison
The inter-group comparison revealed significantly greater activity in the patient group compared with the control group in the right motor cortex, in the left posterior cingulate cortex, the right posterior parietal cortex and in the left occipital cortex. Importantly, no significant greater activation was found in the control subjects compared with the patients for this contrast (Fig. 2 ).
Continuous shift versus control Control subjects
When comparing the continuous shift with the control condition, regions of significantly increased activation included bilateral dorsolateral PFC, left ventrolateral PFC, left posterior PFC, as well as, right posterior parietal cortex and bilateral occipital cortex.
Parkinson's disease patients
In the patient group, significant peaks included bilateral dorsolateral PFC and posterior PFC as well as right posterior parietal cortex and bilateral occipital cortex. Furthermore, significant increases in the BOLD signal were found in other brain regions that were not activated significantly in the control subjects for this subtraction. These included the left dorsolateral PFC, the right posterior cingulate cortex, the right temporal cortex, the right thalamus and a region comprising the subthalamic nucleus. Also in this comparison ( Table 2) , regions that were significantly activated in both the patients and controls had more significant peaks and larger cluster size in the patients than in the control subjects. 
Inter-group comparison
The comparison between the two groups showed significantly greater activity in the Parkinson's disease group compared with the control group in the left dorsolateral PFC, the right motor cortex, in the left posterior cingulate cortex, and in the left occipital cortex. Importantly, no significant greater activation was found in the control subjects compared with the patients for this subtraction (Fig. 3) .
Retrieval with shift versus retrieval without shift Control subjects
Significant increases in activity were observed, bilaterally, in the ventrolateral PFC, the posterior parietal cortex, the occipital cortex and in the premotor cortex. Significantly increased activity was also found in subcortical regions, including the caudate nucleus bilaterally, the putamen bilaterally, as well as the thalamus and a region comprising the subthalamic nucleus on the left (Table 3 , Fig. 4 ).
Parkinson's disease patients
In the patient group, regions where significant BOLD signal increases where found included, in the right hemisphere, the ventrolateral PFC, and the posterior parietal cortex. Significant activation was also found in the left caudate nucleus. Unlike the control group, no significant activation was found in the left ventrolateral PFC, the left premotor cortex, or anywhere in the temporal cortex, the anterior or posterior cingulate cortex, the putamen, the thalamus or the subthalamic nucleus.
Inter-group comparison
The inter-group comparison (controls versus patients) revealed significantly greater activity, in the control compared with the patient group, bilaterally in the ventrolateral PFC, the caudate nucleus, and in the right putamen. In the left hemisphere, significantly greater increased activity was found in the frontopolar cortex, the dorsolateral PFC, the anterior cingulate cortex, the prestriate cortex and in the right hemisphere, in the premotor cortex, the posterior cingulate cortical region (area 31), and the posterior parietal cortex. Importantly, no significant activation was found when the patients were compared to the control group.
Retrieval with shift versus continuous shift Control subjects
Significant increases in activity were observed bilaterally in the dorsolateral PFC, and, in the left hemisphere, in the ventrolateral PFC, the anterior cingulate cortex, the posterior parietal cortex, and the caudate nucleus, as well as the thalamus on the right (Table 4 , Fig. 5 ). fMRI studies of cognitive deficits in PD Brain (2006) Parkinson's disease patients
In the patient group, significant activation was located in the left ventrolateral PFC and left thalamus.
Inter-group comparison
The control versus patient group comparison presented significantly greater activity in the dorsolateral PFC bilaterally, the left ventrolateral PFC and left medial temporal gyrus (area 21). In the reverse comparison, i.e. patients versus control subjects, the only significant activation was found in the fusiform gyrus (intersection of areas 20 and 37).
Discussion
As predicted, a pattern of reduced cortical activation in Parkinson's disease was observed in the two comparisons that demonstrated significant involvement of the caudate nucleus, i.e. the retrieval with shift versus retrieval without shift ( Table 3 , Fig. 4 ) and the retrieval with shift versus continuous shift condition (Table 4 , Fig. 5 ). In particular, this reduction was observed in the dorsolateral and the ventrolateral PFC, as revealed both by the intra-and the inter-group analysis. For these conditions this pattern of activation is in agreement with the traditional model of the pathophysiology of the disease, which proposes that the nigrostriatal DA depletion results in decreased cortical activity via increased inhibitory output of the basal ganglia to the thalamus (Albin et al., 1989) . This pattern of reduced cortical activity observed in the retrieval with shift condition versus the continuous shift appears to support the findings of Lewis et al. (2005) showing that L-dopa replacement therapy ameliorated manipulation within working memory but not 'attentional' set-shifting per se. In the present study, manipulation constitutes an important component of the retrieval with shift condition, while it is not the case in the continuous shift condition. In contrast to the comparisons described in the previous paragraph, greater overall cortical activity was found in the Parkinson's disease group in comparisons that do not normally require the caudate nucleus, i.e. the retrieval without shift versus control condition (Table 1, Fig. 2 ) and the continuous shift versus the control condition (Table 2, Fig. 3 ). This was observed both in the single group analysis and in the inter-group comparisons. In particular, there were two main findings. First, patients recruited more and larger regions of the PFC than the healthy subjects such as the dosolateral and ventrolateral PFC, the premotor cortex, the posterior PFC and the frontopolar cortex (Tables 1  and 2) . Second, the patient group also recruited more regions than the healthy subjects in the more posterior cortical areas, such as the posterior parietal cortex, the posterior cingulate cortex and the prestriate cortex (Tables 1  and 2, Figs 2 and 3) . This pattern of activation is consistent with previous functional neuroimaging studies that showed increased activity in various cortical areas including Images display significantly greater activity in the patient group versus the control group in the left dorsolateral PFC and the left prestriate cortex, while no significantly increased activity is observed in the control versus patient group subtraction.
posterior areas such as the posterior parietal cortex and the prestriate cortex (Samuel et al., 1997; Owen et al., 1998; Dagher et al., 2001; Cools et al., 2002) . It has been proposed that these patterns of increased activation may be at the origin of compensatory mechanisms Samuel et al., 1997) . Alternatively, the occurrence of a secondary DA deficit may be responsible for the loss of focusing of neural activity in the cortex Agid, 1980, Swagushi et al., 2001) , resulting in increased activity in a variety of neural structures (Cools et al., 2002; Mattay et al., 2002; Monchi et al., 2004a) . In our previous fMRI studies in Parkinson's disease (Monchi et al., 2004a) , we did also observe an over-activation in the PFC during those WCST periods that did not specifically require the striatum, such as when receiving positive feedback and matching following positive feedback and, to a lesser extent, in more posterior regions of the cortex.
We should also mention that while the error rate during executive performance in patients was higher than normal controls in all conditions, it was decisively worse during the retrieval with shift condition (i.e. the condition requiring significant caudate nucleus). Therefore, the observed reduced fMRI studies of cognitive deficits in PD Brain (2006) activity in the Parkinson's disease group while performing this condition could also be explained by the high rate of errors. However, while it is true that this condition was the most demanding for the patients, the error trials were removed from the reported brain imaging analysis.
The intriguing finding of the present study was that ventrolateral and dorsolateral PFC could exhibit either reduced or increased activity according to whether the caudate nucleus was more or less involved. The reduced activation of the ventrolateral PFC observed in the retrieval with shift (Tables 3 and 4 ) requiring the contribution of the Fig. 4 Location of peaks within the retrieval with shift versus the retrieval without shift condition. Coronal sections are shown. The anatomical MRI images shown are the average of T 1 acquisitions transformed into stereotaxic space for each group in the intragroup analysis and for both groups in the inter-group analysis. (A) Intra-group analysis. The images display significant activation in the left ventrolateral PFC and caudate nucleus in the control group while none is observed in the Parkinson's disease group. They also show larger activations in the control group than in the patient group in the posterior cingulate cortex and the posterior parietal cortex bilaterally. (B) Inter-group analysis. Images display significantly greater activity in the control group versus the patient group in the left dorsolateral PFC and orbitofrontal cortex, as well as the right ventrolateral PFC, while no significantly increased activity is observed in the patient versus control group subtraction.
Fig. 5
Location of peaks within the retrieval with shift versus the continuous shift condition. Coronal sections are shown. The anatomical MRI images shown are the average of T 1 acquisitions transformed into stereotaxic space for each group in the intra-group analysis and for both groups in the inter-group analysis. (A) Intra-group analysis. The images display significant activation in the left dosolateral PFC and the right anterior cingulate cortex, and the left temporal cortex, while none is observed in the Parkinson's disease group. (B) Inter-group analysis. Images display significantly greater activity in the control group versus the patient group in the right dorsolateral PFC while no significantly increased activity is observed in the patient versus control group subtraction. caudate nucleus cannot be explained simply by a specific hypofunction of this area since in those tasks not involving the caudate nucleus its activation was actually greater in terms of the t-statistic value and the size of the cluster in comparison with healthy subjects. Moreover, the striataldependent pattern of cortical activity was not confined to the PFC, but seemed to generalize to other cortical areas such as the motor, cingulate, parietal, temporal and prestriate cortex (Tables 1-4). The involvement of several other cortical areas besides the PFC is not surprising for several reasons. First, many of these regions such as the cingulate cortex and the posterior parietal cortex have also been shown to play an important role in executive processes (e.g. Carter et al., 1998; Asari et al., 2005) . Second, the striatum is known to receive input from the entire cortex (Alexander et al., 1986; Parent and Hazrati, 1995) , so that a nigrostriatal degeneration could theoretically affect the activity of many of these regions when the striatum is solicited. Finally, mesocortical DA is diffusely present in other regions of the cortex besides the PFC (Bergson et al., 1995) , which possibly can explain the increased activity observed in those regions when the striatum is not required.
The present study does not provide direct insight into the relationship between DA receptors and executive deficits in Parkinson's disease. Work from experimental animals and healthy human volunteers has revealed a high variability regarding dopaminergic drug effects on cognitive processes involving set-shifting and working memory tasks (see review by Cools, 2006) . They have proposed that these apparently different effects across different tasks may reflect effects on dissociable neural systems with distinct DA activity. More specifically, while performance on tasks with high demands for cognitive stability (e.g. set-maintenance tasks) may benefit from high DA receptor stimulation in the PFC (predominantly D1 receptor type), tasks with high demands for cognitive flexibility (e.g. set-shifting tasks) may benefit from high DA receptor stimulation in the striatum (predominantly D2 receptor type). Based on these premises and keeping in mind that this disease is characterized primarily by DA depletion in the dorsal striatum, while, at least in the early stages (as for our patients), DA function in the ventral striatum and also the PFC is relatively intact or even upregulated (Owen, 2004; Cools, 2006) , it is reasonable to speculate a primary role (but not the only one) of striatal dopaminergic receptor impairment in set-shifting processes.
In conclusion, the pattern of activation described in the present study does not support the traditional model of the pathophysiology of Parkinson's disease, which proposes that the nigrostriatal DA depletion results simply in decreased cortical activity (Albin et al., 1989) . Our findings, instead, support the hypothesis that the impaired performance in executive functions may be the result of deficient interplay between the nigrostrial and mesocortical DA system (Monchi et al., 2004a; Cools, 2006) . This may well explain the relatively poor beneficial effect of levodopa on a number of cognitive functions (Feigin et al., 2003; Sohamy et al., 2005) . Furthermore, our results show the importance of teasing out the functional role of the caudate nucleus and the PFC in executive processes to properly understand the abnormal mechanisms at the origins of the cognitive deficits observed in Parkinson's disease. fMRI studies of cognitive deficits in PD Brain (2006) Québec to O.M. and the Canadian Institutes of Health
